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Abstract 
The Cylindrical Converging Shock Tube is a novel explosion technology used to drive a shock or detonation wave through a core material 
at high velocity. The system contains an inner core and outer explosive annulus separated with an inner metal liner. Axial detonation of 
the annular explosive transmits a centrally converging shock in the form of a Mach stem into the core. With a slight modification to a 
Cylindrical Converging Shock Tube, a super compression detonation shock tube can be created which can provide a reactive core velocity 
of over 10 km/s by overdriving the annular explosive. An internal core pressure of several hundred gigapascal (GPa) can be produced 
depending on the item’s geometry and core material properties. The study first examines the pressure fields in an inert PMMA core and 
then repeats the simulation for a reactive multiphase material of HMX/Al-W to identify the dynamics of an inert particle laden core. This 
study uses a Eulerian-to–Lagrangian conversion method to describe the particle dynamics occurring within the core.   
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1. Introduction 
The Cylindrical Converging Shock Tube [1] is a novel explosion technology used to drive a shock or detonation wave 
through a core material at high velocity. The system contains an inner core and outer explosive annulus separated with an 
inner metal liner. Axial detonation of the annular explosive transmits a centrally converging shock in the form of a Mach 
stem into the item’s core. With a slight modification to a Cylindrical Converging Shock Tube, a super compression 
detonation shock tube can be created which provides the annular explosive and core material to be overdriven. Super 
compression detonation (SCD) shock tube geometry can provide an increase in core shock velocity to over 10 km/s and core 
pressures of several hundred gigapascal. One method described in a study by Zerwekh [2], used an annular high explosive 
(HE) to drive a steel cylindrical shell inwards towards the aluminum conical lens. The angle of the lens governs the axial 
velocity of the shock transmitted by the impact of the steel shell on the cone, which in turn determines the shock velocity in 
the annular explosive and thus the shock transmitted to the core. This system has been referred to as a Phase Detonated Fast 
Shock Tube (PDFST)[2] in the literature. The focused converging shock forms an axially traveling Mach disk with a trailing 
very high pressure zone with a reaction zone velocity matching the detonation velocity of the overdriven annular explosive. 
Numerical modeling of the SCD system is extremely complex, requiring specification of over 10 material models and 
interaction between the models at significant pressures up to hundreds of gigapascal (GPa). Availability of suitable material 
models was a limitation for this effort and the development and validation of new material and explosive reaction models at  
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very high pressures was beyond the scope of this work. Instead, basic equations of state (EOS) and simple reaction rate laws 
were used by extending the EOS and rate laws to the higher pressures. This assumption increases the uncertainty in the 
simulation results because few EOS exists for materials at pressures above an Mbar; pressures of one Mbar can be obtained 
with static methods (diamond anvil cell), while higher ones can be only obtained dynamically for short times by generating 
shock waves in the material, those few existing EOS measurements above 10 Mbar where generated by past nuclear 
explosions [3]. 
The first set of simulations is based on the SCD geometry with a PMMA core and 5.89 degree cone angle, this was the 
baseline for the simulations presented in the work. Reaction and material models for reactive PMMA were not available and 
instead the core was modeled as an inert PMMA cylinder. This allowed for analysis of the inert core dynamics with 
comparison to previous literature. Other cone angles were briefly explored demonstrating the ability to obtain an increase in 
core velocity. The final simulation completed in this work involves a multiphase reactive core material (HMX/Al-W) with 
5.89 degree cone geometry. Due to the complexity of the simulation setup and a typical input file size of more than 1000 
lines, major modifications were not made to the geometry and material models. 
The objectives of this study where: (1) to simulate the SCD system and investigate core shock and particle dynamics. (2) 
estimate the particle and gas velocity in the core tube (3) calculate impulse within the core tube at different axial positions 
(4) estimate the particle and gas velocity exiting at the end of the core tube. This paper is organized as follows: Section 1 is 
the introduction to the research and description of the problem; in Section 2, the numerical approach is presented; in Section 
3, the simulation results are presented and in Section 4 the conclusion for the simulation results are discussed. 
2. Modeling Approach 
The SCD system is assumed axisymmetric along the charge axis and is represented using a two-dimensional (2D) 
numerical domain with appropriate geometric terms included in the governing equations. This is an idealization of the 
physical problem that is expected to involve material instabilities during the cylindrical implosion simulation. 
The Mie-Gruneisen Equation of State (EOS) was used for the unreacted explosive materials and non-reacting materials. 
This EOS requires a linear fit to the material shock Hugoniot. The products from the explosive reaction are modelled using 
the Jones-Wilkins-Lee (JWL) EOS. Thus the EOS may not be applicable at the high pressure and temperature achieved in 
the SCD device; the impact of using these material models on the simulation’s accuracy has not been directly quantified. 
The Constant Reaction Time (CRT) methodology was used for conversion of explosive reactants to products. One 
limitation to this approach is that the reaction rate is independent of flow variables such as pressure in the core. The 
simulations presented in this work will therefore only capture the impact of geometry on the core velocity and the effect of 
increased reaction kinetics at high core pressures will not be included. Although more sophisticated reaction models such as 
Arrhenius or Ignition and Growth would provide feedback between the state variables and reaction rate, lack of model 
parameters and experimental data for verification prohibits use of these or more complex methods. 
The aluminum particle diameter is less than 5 μm therefore some thermo-mechanical non-equilibrium effects are possible, 
however for computational efficiency, the particles are assumed to be in molecular equilibrium with the HMX and are 
treated as explosive reactants. The tungsten particles are modeled as being mono-distributed and thus had a 112.5 μm 
diameter. They are also modeled as a separate numerical phase where momentum and heat transfer with the HMX/Al is 
captured. During detonation of the device, the tungsten powder is modelled using an Eulerian methodology. At 60 μs, after 
full detonation of the device, the Eulerian particles are converted to Lagrangian particle groups so that late-time dispersal 
can be observed. 
Multiphase heating and momentum transfer between the tungsten particles and HMX/Al mixture is physically modeled. 
High-volume-fraction drag on the particles is taken into account using a piece-wise function for the particle drag coefficient 
[4]. An additional force due to high pressure gradients was also included [5]. Particle compaction forces were not modeled 
in the mixtures specified.  
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Table 1.   Linear shock Hugoniot parameters used with the Mie-Grunesien EOS 
 
Material Density 
(g/cm3) 
Co 
(km/s) 
S 
(-) 
Unreacted Explosives 
Explosive A 
Explosive B 
 
1.838 
1.715 
 
2.90 
3.08 
 
2.01 
1.44 
 
Non-Reacting Metals 
Steel 304 
Al 6061 
 
 
7.890 
2.703 
 
 
4.58 
5.35 
 
 
1.49 
1.34 
Cu 
 
Non-Reacting Plastics 
PMMA 
Polyurethane 
8.924 
 
 
1.189 
1.265 
3.91 
 
 
2.60 
2.49 
1.51 
 
 
1.40 
1.58 
 
 
                Table 2. Fit parameters for the explosive products modelled using the JWL EOS 
Parameter HE A HE B 
ρ0 (g/cc) 1.840 1.715 
A (GPa) 852.4 609.77 
B (GPa) 
C (GPa) 
R1 
R2 
ω 
ΔHc (MJ/kg) 
18.02 
1.207 
4.55 
1.30 
0.38 
6.03 
12.95 
1.043 
4.20 
29.5 
0.34 
6.44 
 
 
2.1. Simulation Setup 
 
The typical numerical simulation setup is shown in Figure 2.1. The outer diameter of the SCD device is 213.4 mm. The 
hollow aluminum cone has an inner diameter of 52 mm, a maximum outer diameter of 134 mm, a length of 310 mm, and a 
cone angle of 5.89 degrees for the baseline case. The diameter of the core is 16.80 mm and is separated from the inner 
explosive by a 1.6 mm copper liner. The initiation end of the device has been removed and replaced by a planar initiation 
region containing high energy and density detonation products to simplify the simulation and reduce runtime.  
The planar initiation region is labelled in Figure 2.1. Detonation of the outer explosive drives the steel flyer plate radially 
inwards which impacts on the aluminum cone. This transmits a high energy shock into the inner annular explosive which 
produces an overdriven state in the core explosive, this results in a Mach disk in the core and the follow-on reaction in the 
core material. The initiation of the core begins at the left end of the core where it is capped with a polyurethane plug. The 
breakout end (opposite end) of the device has a thin (2 mm) aluminum end cap covering the core. 
Due to the angled cone shape an internal Cartesian mesh could not be used for the simulation. Triangular elements were 
used to mesh the cone shape and prevent discontinuities during transfer of material data between mesh cells. In general a 1.0 
mm triangular element was used producing a 120,000 cell mesh. In Section 3.2 results for an inert core are compared to a 
0.5 mm (589,000 cells) triangular mesh to demonstrate the impact of changing the mesh resolution. 
The numerical simulation results for the baseline inert PMMA core are provided with contour plots provided by core 
pressure gauges for the 5.89 degree cone geometry.  This was followed by a demonstration of numerical resolution effects 
on the simulation results. The results from these simulations were post processed and analyzed to determine the velocity of 
the detonation and shock waves in the annular explosive, cone material, inner explosive, and core material. This 
demonstrates the ability of the hybrid software to capture increased velocity in the core due to geometry effects. Impulse in 
the core is also presented.  
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Fig. 2.1.  Initial conditions of the Super Compression Detonation (SCD) system. The modelled cone angle is 5.89 degrees. The hollow circles (○) indicate 
placement of   numerical pressure gauges in the core. 
3. Simulation Results 
 
3.1. SCD Geometry 
 
Core dynamics were investigated by simulating the SCD geometry with an inert PMMA core initially. The pressure 
contour plots showing the early time detonation and the flyer plate impact are given in Figure 3.1. Since the transmitted 
shock has not interacted with the core before 30 μs (Figure 3.1), these two simulation results look different at slightly 
different for the same times and the same 5.89 degree cone. 
In Figure 3.1 the annular detonation wave is initiated in the outer explosive (Explosive B). The numerical detonation 
pressure matches the CJ pressure for the material. The von Neumann detonation front is not resolved at the current 
resolution. At least 100 times higher resolution than the current simulation is required to resolve this feature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 The effect of a flyer plate impact on the aluminium cone and transmitted shock into the PMMA core eventually forming a Mach stem (disk). 
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Once the transmitted shock reaches the inert PMMA core the cylindrically focused waves cause a Mach disk to form 
along a point perpendicular to the axis of the device and at a setback point from the leading shock front of the inner material 
or explosive.  
Pressure contour plots of the core region are shown in Figure 3.2 at 35 μs. The early time snap-shot of the Mach disk 
during this transient period before it reaches is quasi-steady size. During the transient period where the shock is mainly 
converging cylindrically, high pressures up to 106 GPa result in the inert PMMA core. At later times the centreline flow is 
axially aligned and the Mach disk reaches a quasi-steady numerical pressure of approximately 76 GPa. These trends match 
the physical interpretation of the device although the magnitude of the pressure is dependent on the numerical resolution of 
the simulation and the energetics used. 
In Figure 3.3, the shock arrival times and velocities for the different sections are identified using the PMMA core. From 
Figure 3.3 right, it can be seen that the core material shock velocity is at almost 13 km/s but quickly slows to 10.8 once it 
stabilizes due to the lack of support from a reactive core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2.  During the transient period (35 μs) when the shock is mainly converging cylindrically, high pressures up to 106 GPa are present in the core, the 
Mach disk is stable and well defined because in part from the homogeneity of the PMMA core.   
   
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Fig. 3.3.  Left, the shock/detonation arrival times in different sections of the device using a 5.89 degree cone angle, core material is PMMA. Right, axial 
shock/detonation velocities in the each section of the device. 
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Fig. 3.4.  Core impulse computed from pressure gauge results for 5.89 degree cone with an inert PMMA core. Position of the gauge stations are denoted 
next to the impulse traces. (b) Fluid pressure contours for multiphase reactive core at 40 μs. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5.   The left view shows fluid velocity (colors), fluid pressure (lines, 0.1 to 130 GPa), particles (black symbols), and initial core location (dashed 
lines). The right figure shows a particle velocity magnitude for multiphase reactive core at 40 μs within the core.  
 
For a reactive core, the mixture consists of HMX explosive, small (< 5 μm) aluminum particles, and 112.5 μm tungsten 
particles. The aluminum particles and HMX are modelled as a molecular mixture in thermal and mechanical equilibrium. 
The tungsten powder is modelled separately and interacts with the mixture through appropriate drag and heat terms. The 
first part of the multiphase simulation involves modelling the tungsten particles using an Eulerian approach during 
detonation of the device. Fluid pressure contours are plotted at 40 μs in Figure 3.4. The maximum pressure in the core of the 
device is extremely high (over 400 GPa). This is beyond the typically applicable regimes for the material EOSs and burn 
models.  
The magnitude of the particle velocity in later time at 200 μs is given in left Figure 3.5. The maximum particle velocity 
in the core during detonation was determined to be 2.6 km/s with a maximum dispersion velocity of 6.8 km/s at 200 μs or 
95% of the fluid velocity. The particle velocity vectors in Figure 3.5 are shown to be turning normal to the transmitted core 
shock. The Mach disk structure was not observed due to its dispersal from particle/shock interaction in the core. No 
minimum number determination was made as to the particle density, size or other attributes which would allow a Mach disk 
to be formed. 
 
3.2. Impact of Numerical Resolution 
 
Due to the complexity of the simulation setup and difficulty getting a stable solution, high-resolution simulations could 
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not be completed during the project timescale. To illustrate the impact of numerical resolution on the simulation, the 
resolution of the inert core was doubled (i.e., 0.5 mm triangular elements instead of 1 mm). The pressure gauge results at the 
center of the core are shown for this simulation in Figure 3.6. The peak pressure for the 1 mm resolution gauges are also 
indicated in the figure. Although the resolution has an impact on the numerical peak pressure, the effect on the velocity of 
the Mach disk in the core is not as pronounced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6.   Impact of numerical resolution on inert core pressure gauge results. The lines show pressure contours for a 0.5 mm resolution while the circles 
(○) show the peak pressure values for the 1.0 mm resolution. The cone angle for this simulation was 5.89 degrees.  
 
4. Conclusions 
 
In this project an Eulerian-Lagrangian hydrocode was used to simulate the super compression detonation shock tube 
configuration with an inert core and a reactive multiphase core. This system is an extension of the cylindrical converging 
shock system simulated previously [1]. Although limitations of the current approach including material modelling and 
reaction modeling have not been fully addressed, the model can produce simulation results which match the expected 
phenomenology of the device. Until verification of the models can be completed these results should be viewed as 
qualitative descriptions of the system dynamics.  
From the geometry, an enhancement of the core Mach disk velocity (10.83 km/s) was seen over the CCS system (8.8 
km/s). The simulation also demonstrated increased velocity in the core up to 11.8 km/s when the phasing lens angle was 
increased from 5.89 to 7.0 degrees. Post processing of the numerical results was completed along with identification of 
shock and detonation arrival times in the different HE layers of the configuration and impulse values in the core. Although 
the correct dynamics are present in the simulation model, the overall velocity in the core appeared to be slower than that 
expected given the velocity of the shock. This may be due to the absence of a feed-back mechanism in the simulation 
between the reaction rate and state variables including pressure in the core. 
The multiphase reactive core simulation demonstrated the ability to qualitatively model this class of problem. The 
numerical results demonstrated significantly high pressure in the core in excess of 400 GPa. The maximum particle velocity 
during detonation and core expansion was determined to be 2.6 km/s. The maximum particle velocity during dispersion was 
6.8 km/s at 100 μs, which was 95 % of the fluid velocity at the same location, and 6.3 km/s at 200 μs, which also exceeded 
the fluid velocity. 
 
Acknowledgements 
 
This research was sponsored by the Air Force Research Laboratory (AFRL) at the Eglin AFB, Florida and approved for 
public release under case number 96TW-2014-0006 and 96TW-2014-0189. The U.S. Government is authorized to 
reproduce and distribute reprints for Governmental purposes not withstanding any copyright notation thereon. The views 
and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing the 
official policies or endorsements, either expressed or implied, of Air Force Research Laboratory or the U.S. Government. 
 
 
272   Charles M. Jenkins et al. /  Procedia Engineering  103 ( 2015 )  265 – 272 
References 
 
[1] Jenkins, C.M., Horie, Y., Lindsay, C.M.,  Butler, G.C., Lambert, D., and Welle, E.J. ,2012.Cylindrical converging  
shock initiation of reactive materials, Shock Compression of Condensed Matter – 2011, American Institute of Physics  
Conference  Proceedings 1426, pp.197-200. 
 
[2] Zerwekh, W. D., Marsh, S. P., and Tan, T. H., 1994. “Phase Detonated Shock Tube (PFST)” In Proceedings of 
American Institute of Physics Conference 309, pp. 1887. 
 
[3] Batani, D., Henry, E., Koenig, M., Benuzzi-Mounaix, A., Hall, T., 2001. Equations of state measurements in the 
megabar regime with laser-driven shock waves. 28 EPS Conference on Contr. On Fusion and Plasma Phys. Funchal, ECA 
vol. 25A, pp.909-912.  
 
[4] Smirnov, N, 1988. Combustion and Detonation in Multi-Phase Media: Initiation of Detonation in Dispersed-Film 
Systems Behind a Shock Wave,  International Journal of Heat and Mass Transfer, Vol. 31, No. 4, p.779. 
 
[5] Kuo, K. K. and Acharya, R., 2012. “Fundamentals of Turbulent and Multiphase Combustion”, John Wiley & Sons, Inc., 
New Jersey.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
